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Abstract
Continuous composite fibers have been obtained by online modifying the
direct-spun carbon nanotube (CNT) fibers with active materials (LiFePO4 or LiTi2PO4)
through dipping and twisting. The composite fibers exhibit high specific capacity and
good rate performance for an aqueous lithium-ion battery with 1 M Li2SO4 electrolyte,
due to the fast electron transport arising from the close contact between the active
materials and CNTs. A flexible fiber-shaped aqueous lithium-ion battery fabricated
from the composites can deliver a high specific capacity of 29.1 mAh g-1 at a current
density of 0.25 A g-1 and a high energy density of 30.12 Wh kg-1, showing the great
potential of the composite fibers for applications in flexible energy storage devices.

Keywords: Floating CVD; Carbon nanotube composite fibers; Flexible; Aqueous
lithium-ion batteries
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1. Introduction
Wearable devices and electronics have called for increasing demands on flexible
energy storage devices and attracted widespread research attention. Flexibility is
essential for designing wearable devices since the devices will be repeatedly stretched
and bent during use. Traditional energy storage devices, such as the commercially
available supercapacitors and lithium-ion batteries (LIBs), are typically inflexible
because of the rigid nature of the stacking structure of their electrodes, which hinders
their applications for wearable devices. Therefore, flexible electrodes are critical for
the development of novel energy storage devices. According to the different structures,
flexible electrodes can be divided into three types: bulk electrodes, film electrodes,
and fiber electrodes.1 The bulk electrodes are still in the laboratory research stage, and
the technical conditions are not mature by far.2, 3 The film electrodes include substrate
supported electrodes and self-supported electrodes. However, the former has the
conductivity and energy density problems

4, 5

while the latter suffers from poor

mechanical strength and efficiency problems,6,

7

respectively. Amongst all the

candidates, fibrous materials are most promising because of their unique advantages,
including lightweight, good flexibility and portability, and high specific surface area.8
Moreover, fiber-based energy storage devices can be easily integrated into various
other devices, such as smart clothes and flexible electronics, and therefore are
considered an ideal energy supply for wearable devices.9
Fiber-shaped LIBs integrate the typical components of LIBs, such as the current
collector, active materials, and electrolyte, which are assembled into a
3

one-dimensional structure. Such LIBs can be further assembled into a parallel
structure, a helical structure, and/or a coaxial structure, if necessary.10 However, the
complex structures can result in a large weight, which is unfavorable for practical
applications in wearable devices. Therefore, the highly conductive, lightweight, and
flexible carbon nanotube (CNT) fibers have become a promising and popular scaffold
material for flexible devices without the need to use binders or other additives. After
integrating the fibers with different active species, the obtained composite fiber
electrodes can be directly used in various energy storage/conversion fields.11, 12 By far,
the composite CNT-based fiber electrodes include CNT/MnO2 fibers,13 CNT/Si
fibers,14 CNT/Li4Ti5O12 fibers, CNT/LiMn2O4 fibers,15 CNT/polyimide fibers.16 The
fiber-shaped LIBs assembled with these composite fibers have been woven into cloth
or other textiles.
At present, there are three major methods to prepare CNT fibers: wet spinning,17
array drawing,18 and gas phase spinning.19 The wet spinning process requires
pretreatment of the CNTs to form a liquid suspension, which is time-consuming and
involves harsh/hazardous treatments. Using the array drawing method, one can
directly spin fibers from vertically-aligned CNT arrays by utilizing the van der Waals
force between the CNTs. However, the fiber lengths are strictly restricted by the size
of the arrays and other processing parameters. Therefore these two approaches are
unsuitable for large-scale fabrication of composite fibers.
In contrast, continuous CNT fibers can also be directly spun from an aerogel of
high-quality CNTs in the gas phase spinning method. The resulted CNT fibers exhibit
4

outstanding mechanical strength and electrical conductivity due to the length of the
CNTs (1 mm or more) and the flattened nature of the double-walled nanotubes.19
Consequently, compositing the active species with such CNT fibers can be expected
to result in highly flexible and conductive composite fiber electrodes, which are
highly desirable for fiber LIBs and can be continuously produced at a larger scale.
On the other hand, aqueous LIBs have can be manufactured under ambient
conditions, therefore, are relatively low in cost, environmentally friendly, and much
safer in comparison with the ones with flammable organic electrolytes.20 As a result,
assembling an aqueous fiber LIB using the above-mentioned composite fibers can be
expected to possess the merits of both high flexibility and excellent safety, making
them especially suitable for wearable application. Moreover, these advantages can be
further strengthened regarding the readiness of such CNT fibers for large scale
fabrication.
On the basis of these considerations, we herein report a very simple and scalable
protocol to fabricate flexible and aqueous LIBs that are based on CNT fiber
composite electrodes. The CNT fibers were directly spun through a floating catalyst
chemical vapor deposition process and subsequently online modified with
cathode/anode active materials (i.e., LiFePO4 and LiTi2(PO4)3, respectively) of LIBs.
The prototype fiber LIB that was assembled with these fiber electrodes showed a very
stable yet high specific capacity of 29.1 mAh g-1 at a current density of 0.25 A g-1,
upon various bending conditions, corresponding to a moderate energy density of
30.12 Wh kg-1, further confirming the suitability of these CNTs-based electrodes for
5

flexible energy storage applications.
2. Experimental
2.1 Fabrication of materials
Continuous CNT fibers were fabricated by the floating-catalyst chemical vapor
deposition (CVD) method and direct spun from the high-temperature zone of the
vertical reaction chamber (1180 °C), using ethanol as the carbon precursor, ferrocene
(1.7 wt.%) as the catalyst, and thiophene (1.6 wt.%) as the promoter.21 The precursor
solution was injected from the upper end of the chamber at a rate of 8 ml min-1. Under
the hydrogen flow rate of 1200 sccm, CNTs were formed and self-assembled into
aerogel at the hot zone of the chamber, which was then drawn out from the lower end
of the chamber and through the water seal the to form high-performance CNT fibers.
LiFePO4 (LFP, purchased from Pulead Technology Industry Co., Ltd.) particles
were dispersed in ethanol to form a 5 mg ml-1 suspension. Carbon-coated LiTi2(PO4)3
(LTP) was prepared by the spray-drying and sintering process.22 Firstly, Li2CO3,
NH3H2PO4, and TiO2 were added to 100 ml of 2 wt.% polyvinyl alcohol aqueous
solution. Then the solution was spray dried and the obtained composite precursor
powder was heated at 900 °C for 12 h under a nitrogen atmosphere to achieve
carbon-coated LTP. The amount of the coated carbon in the product was about 15
wt.%. The resulted LTP was also dispersed in ethanol, forming a 5 mg ml-1
suspension.
Continuous composite fiber electrodes were achieved using an online
post-processing method. Specifically, in the spinning process, the CNT fibers traveled
6

through in the suspension of the active materials, which was kept under
ultrasonication to ensure the homogeneous dispersion in the process, to be loaded
with the LFP or LTP. Afterward, the composite fibers were twisted before drying to
avoid possible detachment of the active materials and to enhance the contact between
the CNTs and the active materials.
2.2 Characterization
Scanning electron microscope (SEM, Hitachi, S4800) and transmission electron
microscope (TEM, Tecnai G2 F20, FEI，Holland) were applied for morphological and
structural analysis. The crystalline structures of the materials were analyzed by X-ray
diffraction (XRD, Rigaku D/Max-2500) and Raman spectra (Renishaw, Lab RAM
HR800). The electronic conductivity of the materials was tested on a multimeter, and
the tensile property was assessed on a tensile tester (XQ-1, Donghua UVI) under a
drawing speed of 10 mm s-1 with a 10 mm clamp.
2.3 Electrochemical measurements
The electrochemical performance of the composite fiber electrodes was tested on
an electrochemical workstation (CHI 660D, Chenhua, Shanghai) equipped with a
three-electrode cell. The performance of the composite fibers was tested by using
them as the working electrode, an Ag/AgCl electrode as the reference electrode, and
an activated carbon electrode as the counter electrode. All the three electrodes were
immersed in an aqueous solution containing 1 M Li2SO4. The cyclic voltammetry
(CV) at different scan rates (1, 5, and 10 mV s-1) and galvanostatic charge/discharge
(GCD) tests at various rates were carried out. The full-battery performance was firstly
7

tested in a two-electrode cell with LFP/CNT composite fibers as the cathode,
LTP/CNT composite fibers as the anode, and 1 M Li2SO4 aqueous solution as the
electrolyte. Both fiber electrodes were immersed in the electrolyte to simulate a
battery. Argon was purged to vent oxygen during the test.
A prototype fiber LIB was then assembled using the two types of fiber electrodes
and a gel electrolyte. The gel electrolyte was prepared as followed: 3 g of sodium
carboxymethyl cellulose (CMC) was dissolved in 60 ml of deionized (DI) water and
stirred at 80 °C for 3 h to form a gel. 14.6 g of Li2SO4·H2O was dissolved in 36 ml DI
water and then added into the CMC gel with stirring for 1 h to form the CMC/ Li2SO4
gel electrolyte. Two composite fibers were coated with the gel electrolyte and placed
in a parallel manner to form a fiber-shaped aqueous LIB. GCD tests were conducted
at different current densities and forms of bending. The cycling performance of the
battery was studied at a current density of 0.5 A g-1.
Here, the capacity can be calculated from the charge/discharge curves according
to the following equation (1):

∁=

𝐼×∆𝑡

(1)

𝑚

where C is the capacity (mAh g-1), 𝐼 is the discharge current (A), ∆t is the
discharge time (s), and 𝑚 is the mass of active materials (g)
The energy density and power density of the battery were calculated according to
the following equations (2) and (3):
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E=

𝐼 ∫ 𝑉𝑑𝑡

P=

(2)

𝑚
𝐸

(3)

𝑡

where E is the energy density (Wh kg-1), P is the power density (W kg-1), 𝐼 is the
discharge current (A), 𝑉 is the potential window (V), 𝑡 is the discharge time (s), and
𝑚 is the mass of active materials (g).
3. Results and discussion
CNT fibers can be spun uninterruptedly at a kilometer-length using this
floating-catalyst

CVD

process,21

which

is

exceptionally

convenient

for

industrial-scale production. The resulted CNT fibers are 100 μm in diameter after
being twisted at 30° (Fig. 1a). The surface of the fibers is dense, which can be
attributed to the water densification effect during the drawing process and the
capillary force due to the water evaporation in the subsequent drying process.21 There
are also some voids on the surface of the CNT fibers, which could facilitate the
loading of active materials (Fig. 1b).
The fine structures of the materials were further studied under TEM. Individual
CNTs contact with each other to form bundles, which are interconnected to form a
conductive network. The diameter of the bundles is usually smaller than 100 nm (Fig.
1c). Individual CNTs are mainly double-walled, with a diameter of ~5 nm (Fig. 1d).
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(b)

(a)

50 μm

1 μm

(c)

(d)

100 nm

5 nm

Fig. 1. Microstructures of pure CNT fibers. (a) and (b) SEM images of the surface of CNT fibers;
(c) and (d) TEM images of CNT fibers.

More structural information can be revealed in the Raman spectra. A strong peak
located at 1573 cm-1 and a weak peak located at 1342 cm-1 can be attributed to the G
band and D band, respectively. The G band reflects the order of carbon atoms
alignment, due to the axial tensile vibration of the C=C bond. The D band reflects the
disorder of carbon atoms, caused by amorphous carbon and structural defects in CNTs.
The pristine CNT fibers have a very low ID/IG ratio of 0.24, indicating its
well-graphitized structure that is highly desirable for achieving the high mechanical
10

performance and excellent electronic conductivity (Fig. S1). The mechanical
properties of the material were obtained by the tensile test. The stress-strain curve
progresses smoothly under tension without fluctuations, suggesting no significant
structural defects in the fibers. At the beginning of the stress-strain curve, the strain
increases significantly with increased stress. This process corresponds to the CNT
fiber drawing stage. Then, as the stress increases, the strain increase trend gradually
becomes slower. Finally, the CNT fibers break abruptly. The tensile strength of the
CNT fibers is 330 MPa with a strain of 9.5% (Fig. S2). Such mechanical performance
can meet the flexibility requirement, enabling them to withstand bending, twisting,
and weaving.
The LFP and LTP particles, as cathode and anode active materials of LIBs, are
also well crystallized, as confirmed by XRD (Fig. S3). These active materials also
have small particle sizes, typically less than 500 nm (Fig. S4). It can be seen from the
TEM images that the LFP particles have irregular shape with a particle size of 100nm
to 200nm, and the C/LTP particles have an approximately circular shape with a
particle diameter between 100 nm and 200 nm, making them possible to be loaded
inside the fibers. Continuous composite fibers were fabricated by immersing the CNT
fibers into the ethanol suspension of active materials and subsequent drying. By
weighing continuous fibers and composite fibers, the loading of LFP is about 0.60 mg
m-1, and the loading of LTP is about 0.67 mg m-1. And the loading amount of the
active materials are 65 wt.% and 72 wt.% for LFP/CNT and LTP/CNT composite
fibers, respectively. The flexibility of the CNT fibers has been largely retained after
11

the loading of active materials.
The structures of the composite fibers are firstly observed under SEM (Fig. 2).
The diameters of LFP/CNT and LTP/CNT composite fibers are 95 μm and 110 μm,
which are close to that of pure CNT fibers (Fig. 2a, c). As shown in Fig. 2b, d, the
active material particles are embedded on the CNT networks, and they are in close
contact. As a result, the electronic conductivity of the composite fiber is only slightly
increased after the loading of LFP/LTP, which can ensure the efficient electron
transport during the operation of batteries (Fig. S5).

(a)

(b)

50 μm

50 μm

(c)

(d)

1 μm

1 μm

Fig. 2. SEM images of composite fibers. LFP/CNT composite fibers at low (a) and high (c)
magnification; LTP/CNT composite fibers at low (b) and high (d) magnification.

The electrochemical performance of the LFP/CNT composite fibers and
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LTP/CNT composite fibers in aqueous electrolyte were firstly investigated by CV and
GCD in a three-electrode system (Fig. 3). In the CV profile of the LFP/CNT
composite fibers, a pair of redox peaks can be seen at 0.0 V and 0.4 V, which
corresponds to the Li ion intercalation/deintercalation in the LFP (Fig. 3a and Fig S6).
As for the LTP/CNT composite fibers, a pair of redox peaks at -0.8 V and -0.76 V can
be noticed in the CV profile. It can also be seen from the CV curves that the peak
current gradually increased as the scan rate is increased, which might arise from the
capacitance contribution of the composite fibers (Fig. S6). As shown in Fig. 3b, the
capacity of LFP/CNT composite fibers are 64.1, 56.8, 43.5 mAh g-1 (calculated based
on the weight of the whole electrode)at the rates of 0.5, 1.0, 2.0 A g-1, respectively. As
for the LTP/CNT composite fibers, a pair of redox peaks at -0.8 V and -0.76 V can be
noticed on the CV profile (Fig. 3c). For these anode fibers, the capacities are 78.4,
67.3, 41.2 mAh g-1 at the current densities of 0.5, 1.0, 2.0 A g-1, respectively (Fig. 3d).
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(a)

(b)

(c)

(d)

Fig. 3. Electrochemical performance of composite fibers in 1 M Li2SO4 solution. (a) Cyclic
voltammograms within the potential window -0.4 V to 0.7 V at a scan rate of 1 mV s-1 and (b)
Galvanostatic charge/discharge curves within the potential window 0 V to 1.0 V at different
current densities of LFP/CNT fibers; (c) Cyclic voltammograms within the potential window -1.0
V to -0.5 V at a scan rate of 1 mV s-1 and (d) Galvanostatic charge/discharge curves within the
potential window -0.9 V to 0 V at different current densities of LTP/CNT composite fibers.

Then, a simulated aqueous cell was first assembled with LFP/CNT composite
fibers as the positive electrode, LTP/CNT composite fibers as the negative electrode,
and 1 M Li2SO4 solution as the electrolyte. Its electrochemical performance was
evaluated using CV and GCD (Fig. 4). Obvious redox peaks can be seen within the
14

potential region 0 to 1.3 V in the CV profile (Fig. 4a). Fig. 4b shows the GCD curves
of the cell at different current densities (0.2, 0.5, 1.0 A g-1) within the potential region
from 0 to 1.3 V. The plateaus of the full cell are at 0.8 V for discharge and 1.0 V for
charge, respectively, in accordance with the potential difference of redox peaks of
composite fibers. The small peak at 0.5 V to 0.6 V in the CV curve and the
corresponding charge/discharge platforms in GCD curves should be caused by the
TiPO4 impurity in LTP.22 The following electrochemical reactions occur during
charging and discharging of a lithium ion battery:
Cathode charging progress:
LiFePO4 − 𝑥𝐿𝑖 + − 𝑥𝑒 − → (1 − 𝑥)𝐿𝑖𝐹𝑒𝑃𝑂4 + 𝑥𝐹𝑒𝑃𝑂4

(4)

Cathode discharging progress:
𝐹𝑒𝑃𝑂4 + 𝑥𝐿𝑖 + + 𝑥𝑒 − → 𝑥𝐿𝑖𝐹𝑒𝑃𝑂4 + (1 − 𝑥)𝐹𝑒𝑃𝑂4

(5)

Anode charging progress:
𝐿𝑖𝑇𝑖2 (𝑃𝑂4 )3 + 2𝑥𝐿𝑖 + + 2𝑥𝑒 − → 𝐿𝑖1+2𝑥 𝑇𝑖2 (𝑃𝑂4 )3

(6)

Anode discharging progress:
𝐿𝑖1+2𝑥 𝑇𝑖2 (𝑃𝑂4 )3 − 2𝑥𝐿𝑖 + − 2𝑥𝑒 − → 𝐿𝑖𝑇𝑖2 (𝑃𝑂4 )3

(7)

The carbon nanotube fibers serve as a host for the active material. High electron
conductivity and the interconected porous structure of the CNT fibers failiate fast
electron transfer and lithium ion transport, yielding excellent electrochemical
performance. The battery capacity is 30.2 mAh g-1 at the current density of 0.2 A g-1
(Fig. 4b), by calculating based on the overall weight of the two composite fibers.
Although the capacity decreases with increasing current density, however, even at a
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much higher current density of 1 A g-1, the capacity of 23.7 mAh g-1 can be still
obtained (Fig. 4b), which is typical for the aqueous LIBs.23

(a)

(b)

Fig. 4. Electrochemical performance of full cell in 1 M Li2SO4 solution. (a) Cyclic
voltammograms within the potential window 0 V to 1.3 V at a scan rate of 5 mV s-1; (b)
Galvanostatic charge/discharge curves at different current densities (0.2, 0.5, 1.0 A g-1)

Afterward, a flexible fiber-shaped aqueous LIB was fabricated by coating the
CMC/Li2SO4 gel electrolyte on the composite fibers and assembling them together in
a parallel manner. Its electrochemical performance is depicted in Fig. 5. Fig. 5a
shows the GCD curves at different current densities (0.25, 0.5, 1.0 A g-1) in the
potential region from 0 to 1.3 V. Its charge/discharge profiles are similar to the results
of the simulated cell in the 1 M Li2SO4 aqueous electrolyte. The battery capacity is
29.1 mAh g-1 at 0.25 A g-1 and 16.3 mAh g-1 at 1 A g-1, based the weight of the two
composite fibers, suggesting a reasonably good rate capability considering the
quasi-solid battery configuration with a gel electrolyte that has a lower ionic
conductivity compared with the aqueous one.
Besides, this fiber-shaped aqueous lithium-ion battery has a high energy density
16

of about 30.12 Wh kg-1, which is also typical of fiber-shaped lithium-ion batteries24, 25
and the film-shaped aqueous lithium-ion battery.23 Remarkably, due to the excellent
flexibility of the CNT fibers, this battery can also work well under various bending
conditions. Even when the battery was bent at 90°, its charge/discharge profiles still
remains almost intact, indicating the outstanding flexibility of this fiber-shaped and
aqueous LIB (Fig. 5b). The cycling performance of the battery was then evaluated at
a current density of 0.5 A g-1 for 100 cycles (Fig. 5c). 55 % of the initial capacity can
be retained after 100 cycles, which is better than some aqueous lithium-ion batteries,26,
27

but lower than the aqueous lithium-ion battery with LTP as negative materials.28

This descending capacity might be attributed to the reaction between active materials
and oxygen.29 The morphology of the electrode materials after cycling showed no
significant change (as shown in Fig. S6). Yet Raman spectra of the composite fibers
after cycling revealed a drop in the in the ID/IG ratio (Fig. S7), indicating that the Li
insertion/deinsertion induces distortion in the graphitic structures of CNT. TEM
images of the composite fibers after cycling confirmed that active materials were
indeed embedded in the interconnected network of CNT fibers.
From the comparison of the electrochemical performance of the composite fiber
battery with other articles (Table S1), the energy density of the composite fiber battery
in this work is comparable or even higher with those reported in literature, indicating
the feasibility of this method.
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(a)

(b)

(c)

(d)

Fig. 5. Electrochemical performance of fiber-shaped Li-ion full cell. (a) Galvanostatic
charge/discharge curves at different current densities (0.25, 0.5, 1.0 A g-1); (b) The comparison of
Galvanostatic charge/discharge curves of the flexible aqueous LIB before and after bending at a
current density of 1 A g-1; (c) Cyclic performance of aqueous LIBs at a current density of 0.5 A
g-1; (d) The comparison of Galvanostatic charge/discharge curves of the flexible aqueous LIB
before and after 100 cycle at a current density of 0.5 A g-1.

4. Conclusion
In summary, continuous composite fiber electrodes are fabricated using a simple
and scalable method by online modifying direct-spun CNT fibers. The active
materials, LiFePO4 and LiTi2(PO4)3, are in close contact with CNTs, resulting in
composite fibers with good electrochemical performance in aqueous LIBs. The
18

composite fibers were further assembled into flexible fiber-shaped aqueous
lithium-ion battery with high performance. High specific capacity of 29.1 mAh g-1 at
a current density of 0.25 A g-1 can be obtained. The battery has a high energy density
of 30.12 Wh kg-1. This research greatly expands the fabrication of composite fiber
electrodes for wearable devices.
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